We study the near threshold η meson production in the pp collisions within an effective Lagrangian approach and the isobar model by allowing for the various intermediate nucleon resonances due to the π, η, and ρ-meson exchanges. It is shown that the ρ-meson exchange is the dominant excitation mechanism of these resonances, and the contribution from the N * (1720) is dominant. The total cross section data can be reasonably reproduced, and the anisotropic angular distributions of the emitted η meson are consistent with experimental measurements. Besides, the invariant mass spectra of pp and pη explain well the data at excess energy of 15 MeV, and are basically consistent with the data at excess energy of 40 MeV. However, our model calculations can not reasonably account for the two-peak structure in the pη distribution at excess energy of 72 MeV, which suggests more complicated mechanism is needed at this energy region.
I. INTRODUCTION
The meson production reaction in nucleon-nucleon collisions near threshold has the potential to gain new information on hadron properties and has been extensively studied in the context of understanding of the strong interaction in the non-perturbative energy domain in recent years [1] . On the production of the η meson, the experimental database in proton-proton scattering near threshold has been expanded significantly. In addition to measurements of the pp → ppη total cross sections and angular distributions [2] [3] [4] [5] [6] [7] [8] , there are analyzing powers [9] and full Dalitz plots [10] . Total cross sections are also available for the pn → dη and pn → pnη reactions [11] [12] [13] [14] . In response to this wealth of data there have been a large number of theoretical investigations of the η production in both proton-proton and proton-neutron * Electronic address: lidm@zzu.edu.cn collisions [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
Since the η meson couples strongly to the N * (1535) resonance, the production of the η meson in the NN collisions is thought to occur predominantly through the excitation of one of the nucleons to the N * (1535) resonance. Many theoretical efforts have been done within the framework of meson-exchange models, where the N * (1535) resonance is excited through the exchange of a single meson, with the η-meson being formed through the N * (1535) resonance decay. Contrary to the N * (1535) dominant interpretation, Peña et al. found the nucleonic currents are important [21] . The possibility of that the N * (1520) resonance is dominant via the ρ and ω exchanges while the N * (1535) contribution is small due to the strong destructive interference among the exchange mesons is also studied [33] . In Ref [34] , the author considered only the final-state-interaction (FSI) enhancement factor and found the measured pp and ηp effective mass spectra can be well reproduced by allowing for a linear energy dependence in the
The large ratio of the production of the η in proton-neutron compared to proton-proton collisions suggests that isovector exchange plays the major role [9] . Some authors [15, 22, 27, 32] suggested that pseudoscalar (π and η) exchanges are dominant and there are no significant contribution from the ρ. In contrast, others [16, 19, 24, 25, 27] claimed that ρ-meson exchange plays an important and possibly dominant role. In Ref. [35] , within an effective Lagrangian approach, the author investigated the N * (1535)Nρ coupling, and found that the value of the coupling constant is strong, which maybe indicate that the ρ meson exchange is important in this reaction.
In Ref. [8] , it is suggested that the higher partial waves may be important even at 15.5
MeV. Besides the N * (1535), the ρ meson may also couple strongly to other higher resonances.
The large branching ratio and the small phase space for the N * (1720) → Nρ also suggests the N * (1720)Nρ coupling is strong.
With the inspire of these factors mentioned above, we shall restudy the pp → ppη reaction in an effective Lagrangian approach and the isobar model. The combination of the effective Lagrangian approach and the isobar model turns out to be a good method to study the hadron resonances production in the πN, NN, andKN scattering [22, 32, 33, [35] [36] [37] [38] [39] [40] . In the present work, we assume that the near threshold η meson production in proton-proton collisions is In the next section, we will present the formalism and ingredients necessary for our estimations, then numerical results and discussions are given in Sect. III. A short summary is given in the last section.
II. FORMALISM AND INGREDIENTS
The basic tree level Feynman diagrams for the pp → ppη reaction are depicted in Fig. 1 . We use the commonly used interaction Lagrangians for the πNN, ηNN and ρNN couplings,
At each vertex a relevant off-shell form factor is used. In our calculation, we take the same form factors as that used in the well-known Bonn potential model [41] [42] [43] To calculate the invariant amplitudes of the diagrams in the Fig. 1 , we also need the interaction Lagrangians involving the nucleon resonances. In Ref. [49] , a Lorentz covariant orbital-spin (L-S) scheme for the N * NM couplings has been illustrated in detail. With this scheme, we can easily write the effective N * Nπ, N * Nη, and N * Nρ couplings,
The monopole form factors for the N * -N-Meson vertexes are used,
The N * NM coupling constants can be determined from the experimentally observed partial decay widths of nucleon resonances. With the effective Lagrangians described above, the coupling constants of the N * Nπ and N * Nη can be calculated straightforwardly. For the N * Nρ coupling constants, we get them from the partial decay widths Γ N * →N ρ→N ππ if the N * resonance is below the threshold(More details can be found in Ref. [36, 37] ). All the coupling constants and cut-off parameters are listed in Table I .
The form factors for the nucleon pole and N * resonances, F N (q 2 ) and F N * (q 2 ), similar as in
Refs. [51] [52] [53] , are introduced to describe the off-shell properties of the amplitudes, 
with Λ N = 1.0 GeV and Λ N * = 2.0 GeV.
The meson propagators used in our calculation are:
The propagators of the N * resonances can be written as
for spin-
resonances, and
with
for spin- 3 2 resonances.
As usual, for the N * (1535) resonance, the energy-dependent total width Γ N * (1535) (s) is employed in Eq. (22) [54] . According to the PDG [50] , the dominant decay channels for the N * (1535) resonance are πN and ηN, so we take
where ρ π(η)N (s) is the following two-body phase space factor,
For the pp → ppη reaction, the full invariant amplitude for the nucleon pole or N * resonances in our calculation is , as an example,
where s i (i = 1, 2, 3, 4) and p i (i = 1, 2, 3, 4) represent the spin projection and 4-momenta of the two initial and two final protons, respectively.
The FSI enhancement factor in the di-proton state is taken into account by means of the general framework based on the Jost function formalism with
where k is the internal momentum of pp subsystem, and the parameters α = 0.1 fm −1 and β = 0.5 fm −1 are used as [55] . For the pη FSI, we use the formalism in the scattering length approximation,
where the parameter a is an effective scattering length. It is taken as a = (0.487+i0.171)fm [52, 53] in the present calculation.
The overall final state interaction is therefore the product of these enhancements [29, 55] :
Then the calculations of the differential and total cross sections are straightforward, (33) with the flux factor
The factor 1 2 before the δ function in Eq. (33) comes from the two identical protons in the final states.
III. NUMERICAL RESULTS AND DISCUSSIONS
With the formalism and ingredients given above, for the pp → ppη reaction, the total cross section versus excess energy ε up to 80 MeV, the invariant mass spectra, angular distributions, and Dalitz Plot at excess energy ε = 15, 40, and 72 MeV are calculated by using a Monte Carlo multi-particle phase space integration program.
The total cross section is shown in Fig. 2 together with the experimental data. Our results fairly agree with the experimental data. From Fig. 2 , one can see that the contribution from the t-channel ρ and π-meson exchanges are important and the ρ exchange plays the dominant role, but the contribution from the η-meson exchange is negligible. Fig. 2 also shows that the contributions from the N * (1720) and N * (1535) are important and the N * (1720) plays the dominant role. The contribution of the N * (1535) is smaller than that of the N * (1720) due to the strong destructive interference among the exchange mesons, which is similar with the result of Ref. [33] . The contributions from the N * (1650) and N * (1710) can be negligible.
The invariant mass spectra, angular distributions, and Dalitz Plot at excess energy ε = 15
MeV are shown in Fig. 3 together with experimental data. The measured pp and pη invariant mass spectra and the angular distribution of η can be well reproduced. From Fig. 3 (a) and (d), one can see that the pp FSI plays an important role. The invariant mass spectra, angular distributions, and Dalitz Plot at excess energy ε = 40
MeV as well as the experimental data are shown in Fig. 4 . For the invariant mass spectra of proton-proton and proton-η, the theoretical results are in agreement with the experimental data except for those near threshold of proton-proton (proton-η). This small discrepancy indicates the pp FSI used in our calculation may be somewhat strong at this region.
For the angular distribution of the emitted η meson in the overall c.m. frame, there are two groups of data which do not agree with each other [8, 57] . One is isotropic [57] , while the other is anisotropic [8] , as shown in Fig. 4 (c) . Our result indicates that the angular distribution of the η meson is anisotropic, consistent with the data from Ref. [8] . As pointed out by Ref. [8, 17, 58] , the anisotropy is probably due to a mainly destructive interference between the dominant ρ exchange and π exchange. It is interesting to point out that the N * (1535) dominant interpretations [22, 28, 60] give almost isotropic angular distribution of the η at this region except for that the Ref. [27] gives the anisotropic angular distribution of the η by allowing for the contributions from baryonic and mesonic currents.
The invariant mass spectra, angular distributions, and Dalitz Plot at excess energy ε = 72
MeV as well as the experimental data are shown in Fig. 5 . The experimental data shown in region. This rough procedure has been used in the double-pion production in nucleon-nucleon collisions and the results turn out to be considerably improved [61] . Our pp invariant mass spectrum can reasonably account for the data.
The two-peak structure in the proton-η distribution can not be reproduced in our calculation which is similar with the result from Ref. [33] . This suggests that the structure in the pη distribution can not be simply interpreted by the N * (1535), N * (1650), N * (1710), and N * (1720) resonances, and more complicated mechanism is strongly called for.
Our angular distribution of the η at ε = 72 MeV again indicates that the η distribution is anisotropic, consistent with the data from Ref. [8] . To our knowledge, there is as yet no theoretical paper for addressing the angular distribution of η at this region. It is noted that a preliminary experimental results about the behavior of the η meson angular distribution at excess energy 57 MeV [62] are consistent with that of Ref. [8] at excess energy 72 MeV.
FIG. 5:
The notations are same as that used in Fig. 3 but at the excess energy of ε = 72 MeV, and the pp FSI is ignored. Experimental data are taken from Ref. [8] .
IV. SUMMARY AND CONCLUSION
In this paper we have calculated the pp → ppη reaction within an effective Lagrangian approach and the isobar model. Our model calculations can reasonably reproduce the total cross sections up to excess energy 80 MeV.
It is shown that for the pp → ppη reaction, the contribution of the ρ-meson exchange is larger than that of the the π exchange, and the contribution of the N * (1720) is larger than that of the N * (1535). Our calculations can reasonably explain the measured pp and pη invariant mass spectra at excess energy 15 and 40 MeV, but fail to explain the two-peak structure in the proton-η distribution at excess energy 72 MeV, which suggests at this energy region, more complicated mechanism is needed.
We give the anisotropic angular distribution of the η at ε = 40 and 72 MeV, consistent with the data from Ref. [8] . This favors the interpretation that the interference between the ρ exchange and π exchange is mainly destructive.
